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Letter 

The  high  strength  of  many  metallic  alloys,  including  nickel  base  superalloys  used  in 
aircraft  jet  engines,  especially  at  elevated  temperatures,  is  often  attributed  to  the 
presence  of  homogeneously  distributed  ordered  intermetallic  precipitates  within  a 
disordered  matrix^'^.  The  structure  and  chemistry  at  the  precipitate/matrix 
interface  plays  a  critical  role  in  determining  the  effectiveness  of  the  strengthening 
mechanism^’^.  Combining  aberration-corrected  high  resolution  scanning 
transmission  electron  microscopy  (HRSTEM)  with  three-dimensional  atom  probe 
(3DAP)  tomography  the  atomic  scale  structure  and  chemistry  across  the 
order/disorder  interface  in  nickel  base  superalloys  has  been  determined.  While,  the 
order/disorder  interface  is  ~  4  atomic  layers  thick,  the  width  of  the  compositional 
gradient  across  the  same  interface  is  ~  10  atomic  layers  thick.  Such  atomic 
resolution  pictures  of  these  interfaces  raises  fundamental  questions  regarding  their 
definition  and  is  essential  for  understanding  both  their  high  temperature  stability  as 
well  as  their  role  in  strengthening  by  obstructing  dislocation  motion. 

The  present  study  has  been  earried  out  on  the  Rene88DT  eommereial  niekel  base 
superalloy  (with  primary  alloying  elements  Al,  Ti,  Cr,  Co,  Nb,  Mo,  and,  W),  developed 
speeifieally  for  improved  performanee  in  turbine  disk  applieations  on  aeeount  of  its 
superior  ereep  and  fatigue  properties  [1,2].  The  typieal  mierostrueture  of  Rene88DT 
eonsists  of  a  disordered  fee  y  matrix  with  ordered  EG  y’  preeipitates  of  varying  sizes 
depending  upon  proeessing  history  [3].  While  several  studies  have  discussed  the  role  of 
precipitate  morphology  and  y/y’  interface  structure  and  chemistry  on  the  observed 
mechanical  properties  [4-6],  the  limitations  associated  with  the  resolution  of  experimental 
techniques  has  typically  prevented  direct  atomic  scale  imaging  of  the  structure  and 
concurrent  measurement  of  the  chemistry  across  such  interfaces.  Recent  developments  in 
techniques  such  as  3DAP  have  enabled  detailed  exploration  of  nanometer-scale  elemental 
partitioning  across  interphase  interfaces,  including  the  y/y’  interface  in  nickel  base 
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superalloys  [7-13].  Furthermore,  developments  in  aberration-eorrected  HRSTEM  now 
permit  imaging  and  direet  interpretation  of  Z-eontrast  (arising  from  the  differenees  in 
atomie  numbers)  in  atomie  resolution  images  [14-16].  In  addition  to  experimental 
investigations,  a  significant  amount  of  research  has  also  focused  on  modeling  of  the 
microstructural  evolution  [17-19],  including  atomistic  modeling  of  the  y/y’  interface 
structure  and  chemistry  [20-23].  This  study  provides,  for  the  first  time,  a  direct  atomic 
resolution  image  of  the  structure  and  chemistry  of  the  order-disorder  y/y’  interface  in  a 
nickel  base  superalloy  by  coupling  the  techniques  of  3DAP  and  aberration-corrected 
HRSTEM,  thus  demonstrating  the  power  of  combining  these  two  advanced  analytical 
techniques. 

An  energy-filtered  TEM  (EFTEM)  image,  constructed  using  the  Cr  M-edge  (at  42  eV)  in 
the  electron-energy  loss  spectrum,  from  the  Rene  88DT  sample  is  shown  in  Eig.  1(a). 
Details  of  the  procedure  used  for  the  EETEM  imaging  can  be  found  elsewhere  [24].  The 
morphology  and  size  distribution  of  y’  precipitates  (visible  as  the  darker  phase  due  to  Cr 
depletion)  is  clearly  visible  in  this  image;  larger  dark  features  correspond  to  secondary  y’ 
precipitates,  typically  formed  during  cooling  from  the  high  temperature  (1 150°C)  single  y 
phase  field,  while  smaller  dark  spherical  features  are  the  tertiary  y’  precipitates  formed 
either  during  cooling  via  a  second  nucleation  burst  or  during  ageing  at  760°C. 
Aberration-corrected  HRSTEM  investigations,  using  a  high  angle  annular  dark-field 
detector  (HAADE),  was  performed  to  image  the  interface  between  large  secondary  y’ 
precipitates  and  the  y  matrix  (to  ensure  a  planar  interface  parallel  to  the  beam  direction, 
across  the  foil  thickness,  due  to  the  larger  size  of  these  precipitates).  Eurthermore,  for  the 
purpose  of  maintaining  consistency  between  the  HRSTEM  and  3DAP  analyses,  an 
interface  orientation  parallel  to  the  (002)  planes  in  y  and  y’  phases  was  specifically 
chosen.  The  atomic  structure  of  such  an  interface  (with  a  beam  direction  parallel  to  the 
<1 10>  fee  zone  axis)  together  with  the  corresponding  Eourier  transform  (inset)  are  shown 
in  Eig.  1(b)  (note  the  (100)  and  (110)  superlattice  reflections  from  the  ordered  y’  phase 
are  clearly  visible  in  the  Eourier  transform).  Two  filtered  sections  of  the  same  HRSTEM 
image,  at  higher  magnifications,  with  improved  image  contrast,  are  shown  in  Eigs.  1(c) 
and  (d).  The  interface  between  the  y  matrix  and  the  y’  precipitate  is  clearly  visible  in 
these  two  images.  Note  that  while  all  the  atomic  columns  exhibit  similar  intensities  in  the 
y  matrix,  alternating  brighter  and  darker  rows  of  atomic  columns  (representative  of  (002) 
planes)  are  observed  in  the  y’  phase.  Since  this  is  a  HAADE-HRSTEM  image,  the 
contrast  differences  between  these  atomic  columns  can  be  attributed  to  differences  in  the 
average  atomic  numbers  (Z-contrast).  The  ordered  El 2,  NisAl-based,  structure  of  the  y’ 
phase  consists  of  two  distinct  sublattices,  the  Ni  sublattice  corresponding  to  the  face- 
center  positions  and  the  Ni+Al  mixed  sublattice  corresponding  to  the  corner  positions  of 
the  cubic  lattice.  The  presence  of  these  two  sublattices  leads  to  (002)  planes  that  consist 
solely  of  Ni  atoms,  alternating  with  (002)  planes  that  consist  of  50%  Ni  and  50%  A1 
atoms  when  viewed  along  any  of  the  <00 1>  type  cube  axis  directions.  Even  in  the  case  of 
commercial  Ni-base  superalloys,  such  as  the  alloy  under  consideration,  Rene  88DT 
consisting  of  a  large  number  of  alloying  additions,  the  y’  phase  continues  to  exhibit  the 
same  basic  ordering  scheme  with  alternating  Ni-rich  (with  other  substitutional  atoms)  and 
Al-rich  (002)  planes.  Typically,  alloying  elements  such  as  Cr  and  Co  segregate  to  the 
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disordered  y  phase  while  Ti  segregates  to  the  ordered  y’  phase  in  niekel  base  alloys. 
Therefore  in  terms  of  the  Z-eontrast  in  the  HAADF-HRSTEM  images  shown  in  Fig.  1(b), 
(e)  and,  (d),  the  brighter  columns  correspond  to  heavier  atoms  (such  as  Ni,  Co,  Cr)  while 
the  relatively  darker  columns  correspond  to  lighter  atoms  (such  as  Al,  Ti).  The  alternating 
(002)  rows  of  brighter  atomic  columns  and  darker  atomic  columns,  clearly  visible  in  the 
bottom  half  of  the  magnified  view  shown  in  Fig.  1(d),  are  direct  evidence  of  the  ordered 
FI2  structure  of  the  y’  phase  in  this  sample  and  can  be  referred  to  as  a  superlattice 
contrast.  To  probe  the  compositional  and  structural  transition  from  disordered  y  to 
ordered  y’,  an  intensity  profile  is  plotted  across  the  interface  by  averaging  over  the  box 
ABCD  (refer  to  Fig.  1(c)).  Such  a  profile  of  average  intensity  versus  distance  has  been 
plotted  in  Fig.  2(a),  in  which  the  intensity  value  at  a  certain  distance  along  the  x-axis 
corresponds  to  the  average  of  all  the  atomic  columns  along  a  line  parallel  to  AC  (or  BD) 
at  that  distance  (note  that  these  lines  are  parallel  to  the  (002)  planes,  moving  along  the 
[001]  direction  from  AC  to  BD).  The  background  intensity  in  the  matrix  y  phase  is 
expectedly  higher,  due  to  the  known  segregation  of  heavier  alloying  elements  (such  as  Cr 
and  Co)  to  that  phase.  While  the  expected  superlattice  contrast  in  the  y’  phase  and  lack  of 
it  in  the  y  phase  are  clearly  observed,  a  definite  transition  zone  is  observed  at  the  y/y’ 
interface  in  Fig.  2(a).  In  order  to  qualitatively  associate  the  atomic  column  intensities  to 
site  occupancies  on  the  Ni  and  Ni+Al  sublattices,  a  plot  of  the  intensity  ratios  of  each 
column  to  its  adjacent  column  on  the  right,  versus  distance,  was  calculated  using  the  raw 
intensity  values  from  Fig.  2(a),  as  shown  in  Fig.  2(b).  The  intensity  ratios  in  this  plot  are 
a  qualitative  measure  of  the  site  occupancies  on  the  two  different  sublattices.  Thus,  for 
the  disordered  y  phase  this  ratio  does  not  change  substantially  with  a  value  close  to  1, 
since  there  is  no  difference  in  the  sublattice  occupancies,  while  in  case  of  the  ordered  y’ 
phase  the  ratio  alternates  between  approximately  1.15  and  0.85  due  to  the  differences  in 
the  sublattice  occupancies.  In  Fig.  2(b)  moving  from  the  left  to  the  right,  as  a  function  of 
distance,  the  transition  from  the  y  to  the  y’  phase  is  clearly  visible  with  long-range  order 
starting  as  soon  as  the  value  of  the  intensity  ratio  changes  from  1 .  Furthermore,  there  is 
a  clear  transition  zone  at  the  y/y’  interface,  marked  with  dotted  lines  in  Figs.  2(b),  where 
the  long-range  order  increases  roughly  over  4  atomic  (002)  planes  (approximately  0.7 
nm).  Based  on  this  analysis  of  Fig.  2(b),  the  same  transition  zone  has  also  been  marked  in 
the  corresponding  location  in  Fig.  2(a).  In  addition,  based  on  the  raw  averaged  intensities 
of  the  atomic  columns  along  the  (002)  planes  shown  in  Fig.  2(a),  there  appears  to  be  a 
transition  from  the  higher  intensity  columns  (higher  average  Z)  on  the  y  side  to  the  lower 
intensity  columns  (lower  average  Z)  on  the  y’  side.  This  transition  in  column  intensities 
can  be  attributed  to  a  compositional  gradient  across  this  interface  (also  marked  with 
dotted  lines  in  Fig.  2(a))  that  is  measured  to  be  approximately  1.8  nm  in  width  (or  ten 
(002)  planes). 

While  the  aberration-corrected  HAADF-HRSTEM  study  provides  a  direct  Z-contrast 
atomic  resolution  image  of  the  order-disorder  y/y’  interface,  it  is  rather  difficult  to  obtain 
quantitative  information  regarding  the  partitioning  of  alloying  elements  across  this 
interface  as  well  as  the  width  and  extent  of  the  compositional  gradient  associated  with  the 
same  interface.  3DAP  tomography  is  an  extremely  powerful  technique  for  precisely 
probing  such  compositional  gradients  across  the  y/y’  interface  and  has  therefore  been 
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employed  in  this  study.  The  atom  probe  sample  investigated  was  prepared  from  the  same 
heat-treated  pieee  of  the  Rene  88DT  alloy  that  was  previously  used  for  the  TEM  sample 
preparation.  Fig.  3(a)  shows  a  three-dimensional  reeonstruetion  of  the  atom  probe  sample 
depleting  iso-eoneentration  surfaees  for  Co  (19  at%)  in  blue  and  A1  (10  at%)  in  red.  Sinee 
Co  preferentially  segregates  to  the  disordered  y  phase,  the  blue  regions  in  Fig.  3(a) 
eorrespond  to  the  y  phase  while  the  Al-rieh  regions  in  red  eorrespond  to  the  y’  phase. 
Thus,  Fig.  3(a)  exhibits  a  y  ehannel  separating  two  y’  preeipitates.  From  the  size  seale  of 
these  preeipitates  it  is  apparent  that  these  are  seetions  of  seeondary  y’  preeipitates.  Three- 
dimensional  reeonstruetions  showing  only  the  A1  atoms  (as  blaek  dots)  are  shown  in  Figs. 
3(b)  and  (e).  In  ease  of  Fig.  3(b),  as  expeeted  the  higher  eoneentration  of  A1  atoms  lies 
within  the  y’  phase  and  the  two  y/y’  interfaees  are  elearly  visible.  Fig.  3(e)  is  a  magnified 
view  of  the  lower  y/y’  interfaee  seen  in  Fig.  3(b),  and  elearly  shows  ordered  planes  of  A1 
atoms  with  a  plane  spaeing  of  approximately  0.36  nm,  eorresponding  to  the  alternate 
(002)  planes  (or  (001)  planes)  in  the  y’  phase.  From  Fig.  3(b)  it  ean  be  eoneluded  that  (a) 
the  orientation  of  the  y/y’  interfaee  is  near  parallel  to  the  (002)  planes  in  this  ease  and  (b) 
this  interfaee  lies  near  perpendieular  to  the  axis  of  the  atom-probe  sample  (or  the  z-axis). 
It  should  be  noted  that  Fig.  3(e)  exhibits  an  order-disorder  transition  zone  whieh  is 
approximately  two  (001)  planes  wide  ('-'  0.7  nm)  at  the  y/y’  interfaee.  For  a  statistioally 
relevant  quantitative  analysis  of  the  eompositional  gradient  aeross  this  interfaee 
(indieated  by  an  arrow  in  Fig.  3(d)),  eompositional  profiles  for  the  primary  alloying 
elements  have  been  plotted  in  the  form  of  a  proximity  histogram,  shown  in  Fig.  3(d). 
Based  on  these  profiles,  the  width  of  the  eompositional  gradient  aeross  the  interfaee  (zone 
separating  stable  y  and  y’  eompositions)  ean  be  measured  to  be  '-'1.8  nm,  in  exeellent 
agreement  with  the  HRSTEM  observations  discussed  previously. 

Recent  results  on  atomistic  modeling  of  the  y/y’  interface  in  the  binary  Ni-Al  system 
using  an  improved  inter-atomic  potential  applied  to  the  Embedded  Atom  Method  by 
Mishin  [22]  predict  that  the  order-disorder  interface  is  not  atomistically  abrupt.  In  these 
studies,  a  grand  canonical  Monte  Carlo  simulation  was  carried  out  on  a  supercell 
containing  1536  atoms  and  including  a  coherent  y/y’  interface  parallel  to  the  (002)  planes. 
The  results  of  these  simulations  are  shown  in  Fig.  4  in  the  form  of  a  plot  of  A1 
concentrations,  averaged  over  (002)  atomic  layers,  as  a  function  of  distance  across  the 
y/y’  interface.  Based  on  this  plot,  the  decay  in  long-range  chemical  order  across  the 
interface  was  predicted  to  be  between  4-6  atomic  layers  or  -  0.7  -  1.0  nm.  This  predicted 
value  is  in  excellent  agreement  with  the  experimentally  observed  width  of  the  order- 
disorder  transition  zone  at  the  interface  based  on  the  aberration-corrected  HRSTEM 
observations  (refer  to  Figs.  2(a)  and  (b)).  Furthermore,  the  HRSTEM  results  coupled  with 
the  3DAP  observations  indicate  significant  tolerance  to  compositional  off-stoichiometry 
within  the  ordered  y’  phase.  Referring  to  the  intensity  profile  shown  in  Fig.  2(a),  the 
transition  zone  from  y’  to  y  is  largely  accounted  for  by  a  progressive  increase  in  the 
intensity  of  alternate  atomic  columns  belonging  to  the  A1  sublattice,  attributable  to 
decreasing  A1  occupancy  (and  consequently  inceasing  Ni  occupancy).  These  observations 
are  again  in  excellent  agreement  with  the  results  of  Mishin’s  atomistic  simulations  which 
indicate  that  the  off-stoichiometry  in  the  y’  phase  occurs  by  a  depletion  of  A1  on  the  A1 
sublattice  while  the  A1  concentration  on  the  Ni  sublattice  remains  small  [22]. 
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Furthermore,  modeling  studies  by  Ardell  and  Ozolins  [23]  have  also  indieated  the  non¬ 
abruptness  of  the  y/y’  interfaee  at  elevated  temperatures.  While  the  interfaee  width  is 
expeetedly  higher  at  temperatures  around  lOOOK,  the  underlying  implieations  on 
eoarsening  and  meehanieal  properties  are  signilieant,  as  has  been  demonstrated 
experimentally,  for  the  first  time,  in  this  study. 

The  experimental  results  presented  in  this  paper  not  only  agree  with  atomistie  simulations 
and  models,  but  also  raise  signifieant  questions  regarding  the  basie  definition  of  an  order- 
disorder  interfaee  between  two  phases.  Based  upon  the  above  results,  two  different 
transition  zones  may  be  possible  for  sueh  an  interfaee,  one  arising  from  the  order-disorder 
transition,  and  another  one  arising  due  to  a  eompositional  gradient.  Expeetedly,  the  width 
of  the  order-disorder  transition  is  smaller  than  the  eompositional  gradient  in  this  ease, 
though  none  of  these  are  atomistieally  sharp.  Sueh  diffuseness  in  the  interfaee  has 
signifieant  implieations  on  the  meehanieal  properties  in  Ni-base  superalloys  as  it  ean 
potentially  influenee  key  parameters  such  as  lattice  misfit  and  coherency  between  the  y 
and  y’  phases,  and  subsequent  cutting  of  y’  particles  by  dislocations.  The  power  of 
combining  the  two  advanced  analytical  techniques,  outlined  in  this  study,  provides  a 
novel  way  of  investigating  the  interface  chemistry  and  structure  in  multicomponent 
systems  at  the  atomic  scale. 

Methods 

Specimens  of  the  ReneSSDT  alloy,  taken  from  the  bore  and  rim  section  of  a  turbine  disk 
(produced  and  tested  under  a  DARPA  program  [25]),  were  subjected  to  a  supersolvus 
heat  treatment  (30  mins  at  1 150*’C),  in  the  single  y  phase  field,  followed  by  slow  cooling 
at  24°C/min.  Subsequently,  the  samples  were  aged  for  50  hours  at  760'’C,  in  order  to 
equilibrate  the  microstructure,  resulting  in  the  formation  of  large  (>  200  nm)  secondary  y’ 
precipitates  (for  more  details  refer  [26]).  Samples  for  HRSTEM  studies  were  prepared  by 
conventional  methods,  including  machining  of  3  mm  discs,  followed  by  ion  milling  on  a 
Eischione  Model  1010  system,  and  finally  completed  by  nanomilling  on  a  Eischione 
Model  1040  Nanomill.  HRSTEM  investigations  were  conducted  on  an  EEI  Titan  80-300 
system,  operated  at  300  kV,  equipped  with  a  CEOS  electron  probe  aberration  corrector. 
Needle-shaped  3DAP  specimens  with  a  tip  radius  ~  50  nm  were  prepared  by  a 
combination  of  electro-discharge  machining  (EDM),  electropolishing  and  focused  ion 
beam  (EIB)  techniques,  described  in  detail  elsewhere  [24].  3DAP  experiments  were 
conducted  on  a  EEAP  3000  Eocal  Electrode  Atom  Probe  (EEAP™)  microscope  system 
manufactured  by  Imago  Scientific  Instruments,  Inc. 
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